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In the marine bivalve Limaria hakodatensis, oocytes in the ovaries remain 
arrested at the first prophase (prophase-I), whereas spawned oocytes are arrested at 
the first metaphase (metaphase-!) until fertilization. We attempted to induce 
meiosis reinitiation from prophase-I and from metaphase-I in Limaria oocytes. For 
the release from prophase-! arrest, NH4 Cl, ethanol, monensin and A23187 were 
effective. A23187 and ionomycin, as well as sperm, were able to induce the release 
from metaphase-I arrest. 
INTRODUCTION 
Oocytes of a vaiiety of animal species receive spermatozoa at a particular stage 
of meiosis. Bivalve oocytes are said to be fertilized either at the first prophase 
(prophase-I) or at the first metaphase (metaphase-I), and reinitiate meiosis (LoNGO, 
1983). Spisula solidissima oocytes, which belong to the former group, undergo 
germinal vesicle breakdown (GVBD) following fertilization or artificial activation, 
and proceed to completion of meiosis without metaphase-! arrest (ALLEN, 1953). 
On the other hand, oocytes of Limaria hakodatensis and Mytilus edulis belong to the 
latter group. In these species, oocytes are spawned after GVBD and arrested at 
metaphase-! until fertilization. 
Investigations of the meiotic process have been extensively conducted using 
bivalve oocytes which can be fertilized at prophase-!. However, little is known 
about the bivalves whose oocytes are fertilized at metaphase-I. In Mytilus, oocytes 
arrested at prophase-I (GV-oocytes) are difficult to. obtain because almost all the 
oocytes obtained from the ovaries break up in seawater. In contrast, Limaria 
GV -oocytes are readily detached from the ovaries and remain intact in seawater for 
a time. Furthermore, the breeding season of Limaria occurs twice a year ( ea1ly 
July and late December), and sperm and oocytes can be used all the year round. 
Limaria oocytes, therefore, aie appropriate for investigating the mechanisms of 
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meiosis reinitiation from both prophase-! and metaphase-!. 
The aim of the present work was to attempt artificial induction of meiosis 
reinitiation from prophase-! and from metaphase-! in Limaria oocytes. In this 
paper, we report several agents which induce meiosis reinitiation. The release from 
prophase-I arrest was induced by application of NH4 Cl, ethanol, monensin or 
A23187, while the release from metaphase-I arrest was initiated not only by insemi-
nation but also by treatment with A23187 or ionomycin. 
MATERIALS AND METHODS 
Gametes 
Adult specimens of Limaria hakodatensis (Mollusca, Pelecypoda), which adher-
ed to cultured ascidians Halocynthia roretzi, were collected from late March to early 
December in Mutsu Bay, Aomori. Mature gonads of Limaria are easily visible 
through the shells. The testes are white, and the ovaries are red or pink. Individ-
uals were separated into males and females, and kept in running seawater. GV-
oocytes were obtained by cutting and agitating the ovaries in natural filtered 
seawater (NSW), and washed two or three t imes with NSW. Sperm was collected 
in the same manner, and stored in the cold (O'C) until insemination. 
Solutions 
Artificial seawater (ASW), Na+-free seawater (Na-free SW), Ca2 +-free seawater 
(Ca-free SW) and Ca2+- and Mg+-free seawater (Ca, Mg-free SW) were prepared 
according to the modified Herbst procedure (OsANAI, 1975, 1985). Na+- and K+-free 
seawater (Na, K-free SW) was composed of 460.2 mM choline chloride, 47.7 mM 
MgS04 , 10.1 mM CaCl2 and 10 mM Tris(hydroxymethyl)aminomethane (Tris). 
Choline solution contained 520 mM choline chloride and lO mM Tris. 10 mM 
ethylene glycol bis (,B-aminoethyl ether) N, N, N', N' -tetraacetic acid (EGTA) or 10 
mM ethylenediaminetetraacetic acid (EDT A) was added to Ca-free SW or Ca, 
Mg-free SW, respectively. All solutions described above were adjusted to pH 8.3 
with NaOH (for ASW, Ca-free SW or Ca, Mg-free SW), KOH (for Na-free SW), or 
HCl (for Na, K-free SW or choline solution). Sodium acetate seawater (Na-acetate 
SW) was a mixture of 520 mM sodium acetate and NSW (1 : 4) . Stock solutions of 
1 mM A23187 (Sigma, Calbiochem), 0.2 mM ionomycin (Sigma) and 10 mM monensin 
(Sigma) were prepared in a mixture of dimethyl sulfoxide (DMSO) and ethanol (1: 
3) and 400 mM NH4 Cl in distilled water. 
Cytology 
For observations of nuclei and chromosomes, oocytes were fixed in methanol-
acetic acid (3 : l) for 3- 5 h, washed with distilled water, and stained with 10 J.LM 
4', 6-diamidino-2-phenylindole (DAPI) for 30 min. The percentage of meiosis-
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reinitiated oocytes was determined using a fluorescence microscope by counting 200-
300 oocytes per sample. All experiments were carried out at room temperature (18-
23C' ). 
R ESULTS 
1. Meiosis Reinitiation from Prophase-! 
A rtificial induction of GVBD 
A Limaria GV-oocyte has a diameter of about 55 J.Lm, and contains a germinal 
vesicle about 30 J.Lm in diameter (Figs. 1A, 2A). When GV-oocytes were incubated 
in NSW for more than 30 min, some of them spontaneously reinitiated meiosis up to 
metaphase-!. The percentage of oocytes undergoing such spontaneous maturation 
depended on batches. 
Exposure of GV-oocytes to NSW supplemented with 2 mM NH4Cl triggered 
Fig. l. Meiotic process in Limaria hakodatensis oocytes at 19"0. The bar represents 
20 ,urn. 
A : GV-oocytes obtained from the ovary. 
B: Oocyte incubated in NSW containing 2 mM NH4 Cl for 15 min. 
C : MI-oocyte obtained by 2 mM NH4 Cl t reatment. 
D : Ext rusion of the first polar body (20 min after insemination). 
E : Extrusion of the second polar body and format ion of male and female pronu-
clei (60 min after insemination). 
F: Fusion of two pronuclei (70 min after insemination). 
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Fig. 2. Process of GVBD induced by 2 mM NH, Cl treatment in Limaria hakodatensis 
oocytes at 19"C. The oocytes were fixed in methanol-acetic acid (3: 1) and stained 
with DAPI. The bar represents 20 J.lm. 
A: GV-oocyte. 
B : Oocyte treated with 2 mM NH, Cl for 15 min. 
C: Oocyte treated with 2 mM NH,Cl for 20 min (MI-oocyte). 
meiosis reinitiation, resulting in GVBD (Figs. lB, 2B ). Such oocytes proceeded to 
metaphase-I, at which stage they became arrested once again (Figs. lC, 2C). In the 
oocytes arrested at metaphase-! (MI-oocytes), some clear spots, having scanty 
granules of cytoplasm, could be observed (Fig. lC). Figure 2 shows the process of 
chromosome condensation during GVBD induced by NH4 Cl treatment. Almost all 
the oocytes treated with NH4 Cl reached metaphase-! within 20 min. 
GVBD was also induced by incubation of GV-oocytes in NSW containing 2% 
ethanol, 50 ,uM monensin or 5 ,uM A23187. The oocytes treated with ethanol, 
monensin or A23187 underwent GVBD and reached metaphase-I within 30,40 or 50 
min, respectively. The oocytes treated with ethanol or monensin, as well as NH4 Cl, 
were arrested at metaphase-! following GVBD, whereas those treated with A23187 
proceeded to polar body formation and completion of meiosis without metaphase-! 
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Table 1. 
Effect of external pH on artificial induction of GVBD 
% GVBD (mean± S.D.*) 
Agents NSW Na-acetate SW NSW NSW 
(pH 7.0) (pH 7.0) (pH8.0) (pH9.0) 
2mM NH,Cl 0±0 0± 0 100±0 98.7±0.8 
(n = 2)** (n = 2) (n = 2) (n = 2) 
2% Ethanol 99.8±0.2 0± 0 98.6±1.4 99.8±0.2 
(n=2) (n=2) (n=2) (n = 2) 
50 J.l M Monensin 100± 0 0± 0 100±0 100±0 
(n = 2) (n = 2) (n=2) (n=2) 
5 f.lM A23187 37.5 ± 25.9 1.4±2.1 97.8±2.2 100±0 
(n=3) (n=3) (n=2) (n = 2) 
0.5% DMSO-ethanol 0.2 ± 0.2 1.6± 2.3 18.4±25.3 75.9 ± 22.8 
(control) (n = 3) (n = 3) (n = 3) (n = 3) 
• Standard deviation. •• Number of experiments. 
NSW and Na-acetate SW were adjested to pH 7.0, 8.0 or 9.0, following the addition of 10 
mM Tris. GV-oocytes were incubated in NSW or Na-acetate SW, containing 2 mM 
NH,Cl, 2% ethanol, 50 J.lM monensin, 5 ,uM A23187 or 0.5% DMSO-ethanol (1: 3) for 20, 
30, 40, 50 or 50 min, respectively, and then fixed. 
arrest. Treatments with these maturation-inducing agents for 3-5 min were 
sufficient for induction of GVBD. 
Effect of External PH on GVBD 
Table 1 shows the effect of external pH on artificially induced GVBD. GVBD 
induced by NH4Cl or A23187 treatment depended on external pH. In NSW at pH 
7.0, NH4 Cl elicited no GVBD. Induction of GVBD by A23187 was also blocked to 
some extent under these conditions. Ethanol and monensin induced GVBD in 
NSW even at pH 7.0. However, they were unable to induce GVBD in Na-acetate 
SWat pH7.0. 
Effect of External Ions on GVBD 
In order to examine whether some of the ions constituting seawater were 
involved in GVBD, we checked the effects of maturation-inducing agents in Na-free 
SW, Na, K-free SW, Ca-free SW, Ca, Mg-free SW or choline solution (Table 2). 
Ethanol and monensin induced GVBD only when external Na+ was present. 
GVBD induced by A23187 was blocked inCa, Mg-free SW and, especially, in choline 
solution. Oocytes treated with NH4Cl underwent GVBD even in choline solution. 
Incubation of GV-oocytes inCa, Mg-free SW induced GVBD to some extent without 
any maturation-inducing agents. 
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Agents 
2mM NC4 Cl 
2% Ethanol 
50 Jl M Monensin 
0.5% DMSO-ethanol 
(control) 
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T able 2. 
Effect of external ions on artificial induction of GVBD 
% GVBD (mean±S.D. *) 
Na-free Na, K-free Ca-free Ca, Mg- Choline 
sw sw sw free SW solut ion 
100±0 100± 0 100± 0 100± 0 99.8±0.2 
(n =3)** (n=2) (n=2) (n=2) (n=2) 
0±0 0.2± 0.2 100±0 100 ±0 0.2±0.2 
(n=2) (n = 2) (n= 2) (n = 2) (n = 2) 
0.3 ±0.4 0±0 100±0 100± 0 0±0 
(n= 3) (n=2) (n= 2) (n= 2) (n= 2) 
100±0 100±0 100 ± 0 37.7 ±29.9 0± 0 
((n= 3) (n=2) (n=2) (n= 3) (n= 2) 
0.3 ± 0.4 0.4±0.5 6.1±4.0 59.0±34.3 2.7±2.7 
(n=3) (n= 2) (n=4) (n=4) (n=2) 
* Standard deviation. •• Number of experiments. 
ASW 
99.9±0.2 
(n = 5) 
100± 0 







GV-oocytes were incubated in ASW or ion-deficient solut ions, containing 2 mM NH4 Cl, 
2% ethanol, 50 llM monensin, 5 llM A23187 or 0.5% DMSO-ethanol (1: 3) for 20, 30, 40, 
50 or 50 min, respectively, and then fixed. 
2. Meiosis Reinitiation from Metaphase-I 
Fertilization and Early Development 
Spawned Limaria oocytes, which are arrested at metaphase-I , reinitiate meiosis 
following fertilization. Similarly, MI-oocytes, obtained by application of NH40l or 
ethanol to GV-oocytes, accepted spermatozoa after insemination, proceeded to polar 
body formation, completion of meiosis (Figs. 1D-1F, 3), and mitosis (Fig. 4). 
Meiosis could not be reinitiated after insemination in Ca-free SW (Table 3). 
Artificial Induction of Polar Body Formation 
MI-oocytes obtained by NH4 Cl treatment were used for artificial induction of 
meiosis reinitiation from metaphase-!. Incubation of MI-oocytes in NSW contain-
ing 5 ,uM A23187 or 1 ,uM ionomycin triggered meiosis reinitiation from metaphase-I , 
resulting in polar body and pronucleus formation. A23187 and ionomycin induced 
the release from metaphase-I arrest in the absence of external Ca2+ (Table 3). 
Similar results were achieved in other experiments using MI-oocytes obtained by 
ethanol treatment (data not shown). 
As described above, GV-oocytes incubated with A23187 in NSW or ASW 
underwent GVBD and proceeded to completion of meiosis without metaphase-! 
arrest . In Ca-free SW, however, oocytes were arrested at metaphase-! following 
GVBD induced by A23187 treatment. Table 4 shows the difference in the depen-
dence of polar body formation on external Ca2+ between MI-oocytes obtained by 
NH4Cl treatment and those obtained by A23187 treatment. MI-oocytes obtained by 
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Fig. 3. Process of polar body formation in Limaria hakodatensis oocytes at 19' 0. 
MI-oocytes were obtained by 2% ethanol treatment, and inseminated. The fertil-
ized oocytes were fixed in methanol-acetic acid (3: 1) and stained with DAPI. 
The bar represents 20 f.l.m. 
A: Fertilized oocyte (5 min after insemination). 
B: The first anaphase of meiosis (15 min after insemination). 
C : Extrusion of the first polar body (20 min after insemination). 
D: The second anaphase (30 min after insemination). 
E : Extrusion of the second polar body and formation of male and female pronu-
clei (60 min after insemination). 
F : Fusion of two pronuclei (70 min after inseminat ion). 
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A23187 treatment never proceeded to polar body formation without external Ca2+. 
In contrast, MI-oocytes obtained by NH4Cl treatment underwent polar body forma-
tion in the absence of external Ca2+. 
DISCUSSION 
In Limaria, GVBD was elicited by incubation of GV-oocytes in NSW contain-
ing NH4 0l, ethanol, monensin or A23187. NH4 Cl, a weak base, is thought to 
penetrate through cell membranes in its unionized form, resulting in an increase in 
intracellular pH (WINKLER and GRAINGER, 1978 ; DuBE and EPEL, 1986). Monen-
sin is a Na+ j H+ ionophore, and may elicit an intracellular pH increase only when 
external Na+ is present. Ethanol seems to increase intracellular pH by the same 
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D 
Fig. 4. Early stages of development in Limaria hakodatensis eggs at 19'0. MI-
oocytes were obtained by 2% ethanol treatment, and inseminated. The bar 
represents 20 ,um. 
A : Formation of the first polar lobe (80 min after insemination). 
B : 2-cell stage (100 min after insemination). 
C: 4-cell stage (120 min after insemination}. 
D: 8-cell stage (140 min after insemination}. 
E : Trochophore (20 h after inseminat ion). 
F: Veliger (100 h after insemination). 
mechanisms as monensin, since ethanol-induced GVBD requires the same external 
ions as monensin-induced GVBD. A23187 is a well-knovm Ca2+ ionophore. 
However, A23187-induced GVBD is likely to result from a direct or indirect intracel-
lular pH increase, considering the following results : (1) A23187 acted more slowly 
than other maturation-inducing agents; (2) acid release was recorded during incuba-
tion of GV-oocytes in NSW containing A23187 (data not shown) ; (3) sodium 
acetate, which is thought to decrease intracellular pH (GRAINGER et al. , 1979 ; DuBl~: 
and Gu ERRIER, 1982), precluded GVBD induced by A23187 as well as other agents. 
The oocytes which were treated with NH4 Cl or ethanol underwent GVBD and 
were arrested at metaphase-!. Such MI-oocytes accepted spermatozoa after insemi-
nation and proceeded to polar body formation, completion of meiosis, and mitosis. 
A23187 and ionomycin also induced the release from metaphase-I arrest and develop-
ment up to the pronuclear stage, suggesting that a transient increase in intracellular 
free Ca2+ is involved in activation of the oocytes of Limaria as well as those of a 
wide variety of animals (STEINHARDT et al., 1974 ; J AFFE, 1983, 1985). MI-oocytes 
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Table3. 
Effect of external Ca2+ on artificial induction of polar body formation 
%Polar body formation (mean±S.D.*) 
Agents 
ASW Ca-free SW 
Sperm 84.8±5.3 0.2±0.2 
5 ,uM A23187 78.8± 19.2 79.6± 19.4 
0.5% DMSO-ethanol 0±0 1.7 ± 1.2 
(control 1} 
1 ,uM Ionomycin 73.8± 14.3 81.2±9.1 
0.5% DMSO-ethanol 0.2±0.2 0.2±0.2 
(control 2) 
* Standard deviation. 
MI-oocytes obtained by NH, Cl treatment were inseminated or treated with 5 ,uM A23187, 
1 ,uM ionomycin or 0.5% DMSO-ethanol (1: 3} in ASW orCa-free SW, and fixed ~fter 30 
min. MI-oocytes treated with ionomycin or DMSO-ethanol (control 2) for 5 mm were 
transferred to agent-free media in which they were incubated for 25 min. Mean results± 
S.D. of two experiments with two batches of oocytes. 
Table4. 
Effect of external Ca2 + on A23187-induced polar body formation 
in oocytes pretreated with NH,Cl or A23187 
Pretreatment* • % Polar body formation (mean±S.D.•) 
37 
(for induction of GVBD} 5 ,uM A23187 in ASW 5 ,uM A23187 inCa-free SW 
2 mM NH, Cl in ASW 
(20min} 
2 mM NH, Cl in Ca-free SW 
(20min} 
5 ,uM A23187 in ASW 
(50 min) 
5 ,uM A23187 in Ca-free SW 
(50 min} 
88.3±2.0 71.5±5.1 
71.4 ±24.6 85.9±8.8 
77.8±20.2 0.2±0.2 
74.1±8.7 0.7± 0.7 
* Standard deviation. ** All oocytes underwent GVBD during pretreatments. 
GV-oocytes pretreated with 2 mM NH,Cl or 5 ,uM A23187 for 20,50 min, respectively, 
were transferred to ASW or Ca-free SW, containing 5 ,uM A23187. The oocytes were 
fixed 30 min after transfer. Mean results± S.D. of two experiments with two batches of 
oocytes. 
obtained by NH, 01 treatment underwent polar body formation in the absence of 
external Ca2+, whereas those obtained by A23187 treatment required external Ca2+ 
for induction of polar body formation. These results indicate that both external 
Ca2+ and internal Ca2+ are available for a Ca2+ increase in Limaria MI-oocytes. 
However it remains unknown whether the Ca2+ increase in MI-oocytes during 
' 
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fertilization results from Ca'+ influx and/or Ca2+ release from internal stores. 
The results of the present study suggest that, in Limaria oocytes, meiosis 
reinitiation from prophase-! results mainly from an intracellular pH increase, 
whereas meiosis reinitiation from metaphase-I involves an increase in intracellular 
free Ca'+. These results are in agreement with the previous study on oocytes of a 
limpet, Patella vulgata, which are fertilized at metaphase-!, except that A23187 was 
unable to induce GVBD in Patella oocytes (GuERRIER et al., 1986). On the other 
hand, in the bivalves CrassostJrea gigas and Tapes philippinarum, the oocytes of 
which are both fertilized at metaphase-I, GVBD is induced not by 2 mM NH, Cl at 
pH 8.3 (data not shown) but by A23187 or serotonin (OSANAI and KuRAISHI, 1988). 
A23187 and serotonin also activate Spisula GV-oocytes, resulting in completion of 
meiosis without metaphase-! arrest (ScHUETZ, 1975; HIRAI et al., 1984). In con-
trast, Mytillus GV-oocytes respond to neither A23187 nor serotonin (OSANAI and 
KuRAISHI, 1988). In Limaria GV -oocytes, serotonin failed to induce GVBD (data 
not shown). These facts show that the response to such agents as A23187, NH,Cl 
and serotonin differs in molluscan species, and that such differences are independent 
of the stage of fertilization (prophase-! or metaphase-!). It is probable that the 
differences arise from different levels of pH and free Ca2+ in GV -oocytes. To 
confirm this hypothesis, further investigations are required (e.g., direct measure-
ments of intracellular pH and free Ca'+). 
Special thanks are extended to Mr. Y. TsUTSUMI and his fellow workers for supplying the 
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